The mismatch repair (MMR) system plays a major role in removing DNA polymerization errors, and loss of this pathway results in hereditary cancers characterized by microsatellite instability. We investigated microsatellite stability during DNA replication within human postmeiotic segregation 2 (hPMS2)-deficient and proficient human lymphoblastoid cell lines. Using a shuttle vector assay, we measured mutation rates at reporter cassettes containing defined mononucleotide, dinucleotide, and tetranucleotide microsatellite sequences. A mutator phenotype was observed in the hPMS2-deficient cell line. The mutation rate of vectors containing [G/C] 10 or [GT/ CA] 10 alleles was elevated 20-fold to 40-fold in hPMS2-deficient cells, relative to an hPMS2-expressing cell line. We observed a 6-fold and 12-fold relative increase in mutation rate of [TTTC/AAAG] 9 and [TTCC/AAGG] 9 sequences, respectively, in hPMS2-deficient cells. Mutational specificity analyses suggested that repair by hPMS2 is biased. In the absence of hPMS2, a greater number of microsatellite expansion versus deletion mutations was observed, and expansion rates of the tetranucleotide alleles were similar. In the presence of hPMS2, we observed a 29-fold decrease in the [TTCC/AAGG] 9 expansion rate but only a 6-fold decrease for the [TTTC/ AAAG] 9 allele. Our data indicate that hPMS2 is more protective of tetranucleotide expansions than deletions and that hPMS2 displays a sequence bias, wherein [TTCC/AAGG] sequences are stabilized to a greater extent than [TTTC/ AAAG]. Our results allow for greater accuracy during identification of MMR defects by providing a mutational signature characteristic of hPMS2 defect. This study also provides clues to possible mechanisms of repair by hPMS2 in the context of the MMR system. [Cancer Res 2009;69(3):1143-9] 
Introduction
DNA mismatch repair (MMR) activity is crucial for maintaining genome integrity. The MMR pathway exists as a cooperation of multiple proteins responsible for the recognition of premutational intermediates and initiates repair by recruiting the necessary cellular factors to excise and resynthesize DNA (reviewed in ref. 1) . The MutSa (hMSH2 and hMSH6) and MutSh (hMSH2 and hMSH3) heterodimers have been implicated in mismatch recognition. Recognition is followed by recruitment of a MutL heterodimer, primarily MutLa [hMLH1 and postmeiotic segregation 2 (hPMS2)] and, to a lesser extent, MutLg (hMLH1 and MLH3; ref. 1) . Loss of MMR results in a mutator phenotype and predisposition to cancer (2) (3) (4) (5) .
Microsatellites, short repetitive sequences of 1 to 6 bp per unit, are prone to strand slippage errors during DNA synthesis (6) . Microsatellites are destabilized by loss of MMR, resulting in a diagnostic, genome-wide microsatellite instability (MSI) phenotype. Germline mutations in the hMLH1, hMSH2, hMSH6, or hPMS2 genes are found in patients with hereditary nonpolyposis colorectal cancer (HNPCC; reviewed in ref. 7) . The Bethesda panel of microsatellite markers consists of mononucleotide and dinucleotide repeats to detect HNPCC or HNPCC-like phenotypes (8) . The classic MSI-high phenotype is defined as alterations at multiple mononucleotide and dinucleotide loci within patient tumor samples and is highly sensitive for identifying patients carrying germline hMLH1 or hMSH2 gene mutations (9) . The proportion of germline mutations in hPMS2 is less frequent in HNPCC families due to decreased penetrance of the disease phenotype and the presence of multiple pseudogenes on chromosome 7 that have hindered accurate detection (10) (11) (12) . Using immunohistochemical staining of tumors together with MSI analyses, Truninger and colleagues were able to show that 1.5% of unselected colorectal carcinomas are due to a PMS2 defect, similar to the incidence of MSH2-deficient tumors (13) . Moreover, a comparable number of families with inheritance of biallelic mutations in MMR genes had defects in hPMS2, often with similar severity of phenotype (12) . Improving the specificity of MSI marker panels for the detection of mutations within specific MMR genes, such as hPMS2, may aid in the correct identification of germline carriers.
Tetranucleotide microsatellites are highly polymorphic in the human genome, and A/T-rich alleles are among the highest in density of tetramers in the genome (14) . A panel of microsatellite markers that include [TTTC/AAAG] n and [TTCC/AAGG] n alleles has been used diagnostically for detection of bladder, head and neck, and lung cancers (15) (16) (17) (18) . Primary lung cancers displaying MSI at these markers do not display a phenotype consistent with MMR defects (15) , and positive primary bladder tumors are not correlated with absence of either MSH2 or MLH1 (16) . However, the effect of MMR loss on the stability of these markers has not been examined directly, and tetranucleotide markers have not been evaluated extensively for use in HNPCC testing.
In the current study, we used a forward mutation assay to analyze the effect of hPMS2 loss on the stability of reporter cassettes containing mononucleotide and dinucleotide alleles ([G/ C] 10 and [GT/CA] 10 ) versus two tetranucleotide alleles ([TTCC/ AAGG] 9 and [TTTC/AAAG] 9 ) during DNA replication. We show here that the spontaneous mutation rate of the tetranucleotide alleles is increased in hPMS2-deficient cells, relative to proficient cells. Quantitatively, however, the tetranucleotides were destabilized to a lesser extent than either the mononucleotide or dinucleotide microsatellites. We show that the repair capability of hPMS2 varies with respect to tetranucleotide microsatellite motif sequence and that hPMS2-mediated repair is biased toward removal of expansion mutations.
Materials and Methods
Cell lines. LCL1261, an EBV-transformed human lymphoblastoid cell line cultured from a patient with phenotypic evidence of Turcot syndrome (19) , was obtained from Dr. Susan Farrington, University of Edinburgh. LCL1261 cells contain R134ter mutation, as well as a 2184delTC mutation, in a second allele (11, 19) . Cells were maintained in RPMI 1640 supplemented with 15% fetal bovine serum (Hyclone). LCL721, a nontumorigenic, EBVtransformed human lymphoblastoid cell line established from a clinically normal female donor (20) was cultured, as described previously (21) .
hPMS2 complementation of LCL1261 cell line. LCL1261 cells were infected with pseudoviral particles containing an hPMS2 expression vector, which was packaged using the pPACKF1 Lentivector Packaging kit (System Bioscience) for stable gene complementation. hPMS2 cDNA was cloned into the EcoRI site of the pCDF lentiviral expression construct. 293TN cells (60-70% confluent) were transfected with 2 Ag of pCDF-hPMS2 or pCDF only, along with 2 Ag of pSIF1-H1-siLuc-copGFP as a positive control for infection. Pseudoviral particles containing pCDF-hPMS2 were collected at various time points posttransfection, as per the manufacturer's protocol. Pseudoviral titers were found to be 5 Â 10 5 infectious particles/mL by flow cytometry. LCL1261 cells were infected with packaged pCDF-hPMS2 or pCDF only at a multiplicity of infection of 1, as per the manufacturer's protocol. We performed a total of three rounds of infection to ensure complete transduction and integration of the viral expression construct into the genomic DNA. Flow cytometry showed successful infection of pCDF-PMS2 (56%) and pCDF only (22%), termed 1261-PMS2 and 1261-vector only, respectively. Expression vector containing cells were selected using 25 Ag/mL puromycin (Clontech Laboratories).
Herpes simplex virus type 1 thymidine kinase mutational analysis. Microsatellite sequences were inserted in-frame within the 5 ¶ coding region of the herpes simplex virus type 1 thymidine kinase (HSV-tk) gene. Con 10 shuttle vectors has been previously described (21) (22) (23) (24) . Vectors were introduced into lymphoblastoid cells by electroporation. Two to three days after electroporation, plasmid-bearing cells were selected using 50 to 150 Ag/mL hygromycin. After an additional 5 to 7 d, cells were cloned in 96-well plates at a density of one to five cells per well. PTB (1 mmol/L sodium pyruvate, 50 mmol/L a-thioglycerol, 20 nmol/L bathocuproindisulfonic acid disodium salt) was added in the 96-well dish to reduce oxidative stress due to cloning for the LCL1261 cells (25) . Wells contained 12,000 to 15,000 Balb291 mouse fibroblast cells as a feeder layer for LCL1261. Cells were kept on the feeder layer until they were expanded to p100 plates. Between 5 to 10 plasmidbearing clones were expanded from 29 to 32 generations in the presence of hygromycin. DNA was isolated using a modified alkaline extraction procedure and processed as described (21, 26) . Shuttle vector DNA was electroporated into Escherichia coli strain FT334 and plated on media containing chloramphenicol, with or without 5-fluoro-2 ¶-deoxyuridine (FUdR), for mutational analysis. FUdR selects for cells with an HSV-tkdeficient phenotype, which may occur due to mutations in the HSV-tk promoter or coding sequence or frameshift mutations within the inserted microsatellite allele. The HSV-tk mutation frequency is obtained by dividing the number of FudR + chloramphenicol-resistant colonies by the number of chloramphenicol-resistant colonies. The clonal mutation rate is defined as the mutation frequency per cell generation. For mutational analysis, DNA from 15 to 25 independent mutants per clone, from three clones of each vector, was isolated. Dideoxy sequence analysis was used to determine the type and location of mutations within the HSV-tk gene.
Protein analysis. Nuclear and cytoplasmic fractions were isolated from LCL721 and LCL1261 cells using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce) with addition of a protease inhibitor, according to the manufacturer's protocol. Protein concentration was determined using the DC protein assay (Bio-Rad Laboratories). Protein lysate (20 Ag) was denatured, reduced, and separated by SDS-PAGE using a 10% NuPage bis-Tris gel (Invitrogen), followed by transfer onto polyvinylidene difluoride membrane (Invitrogen). The membrane was blocked with 5% dry milk in TBS containing 0.1% Tween 20 (TBST) for 60 min, then incubated overnight at 4jC with a rabbit polyclonal antibody (Santa Cruz Biotechnology) to hPMS2 (1:200) or mouse monoclonal antibodies (BD Biosciences) to hMLH1 (1:250), hMSH6 (1:670), MSH2 (1:250), MSH3 (1:250), or TATA binding protein (TBP; 1:2,000). The membrane was rinsed twice with TBST followed by two 15-min washes and incubated with horseradish peroxidase-conjugated goat anti-rabbit (1:2,000) or goat anti-mouse (1:2,000; Jackson ImmunoResearch) for 60 min. Immunoreactive proteins were visualized using ECL+ (Amersham Biosciences) and scanned on a Molecular Dynamics Storm phosphorimager.
Results
The LCL1261 cell line exhibits a mutator phenotype. The LCL1261 cell line is a nontumorigenic cell line cultured from a patient with phenotypic evidence of Turcot syndrome (19) . The cells have been shown previously to contain a biallelic mutation (R134ter, 2184delTC) in hPMS2, causing the loss of protein production and MMR activity (11, 19) . We detected no expression of the hPMS2 protein in the LCL1261 cell line, whereas a prominent hPMS2 protein of 97 kDa was observed in the LCL721 cell line (Fig. 1A) . To exclude the possibility of other MMR proteins being misregulated due to hPMS2 loss, we examined the status of hMSH2, hMSH3, hMSH6, and hMLH1 proteins. We found these levels in LCL1261 to be similar to those observed in the MMR proficient LCL721 cell line (Fig. 1A) . Full images of all Western analyses can be found in Supplementary Fig. S1 . These data show that the MMRdeficient phenotype of LCL1261 cells is likely due to the specific loss of hPMS2 expression. However, we cannot rule out the possibility that the MMR deficiency caused by loss of hPMS2 has subsequently resulted in loss-of-function point mutations within the other MMR genes.
Our ex vivo HSV-tk mutagenesis system uses an oriP-based episomal shuttle vector to study microsatellite mutagenesis in human cells (21) . As this is the first report using a shuttle vector system in the LCL1261 cell line, we performed a Dpn1 sensitivity assay to monitor replication of the vector. Nonreplicated DNA from E. coli is methylated at G m ATC sequences, and these sites are sensitive to cleavage by the Dpn1 restriction endonuclease. DNA replicated in mammalian cells is not methylated at adenosines and, thus, will be Dpn1 resistant. At 8 days postelectroporation of LCL1261 cells, the oriP-tk shuttle vector was completely Dpn1 resistant, as evidenced by the presence of full-length vector DNA and the disappearance of digestion products ( Supplementary  Fig. S2 ). Using copy number standards, we estimate that the vector is present in the population at an average of five copies per cell.
A mutator phenotype for the LCL1261 cell line was previously shown using the genomic BAT40, D2S123, and TGFhR microsatellite markers (27) . We used our previously reported HSV-tk shuttle vector assay to examine MSI within mononucleotide and dinucleotide microsatellites, representative of markers destabilized in HNPCC patient tumors ([G/C] 10 and [GT/CA] 10 ). Reporter cassettes containing defined microsatellite sequences in-frame within the coding region of the HSV-tk gene were constructed to monitor spontaneous mutagenesis in human cells (21, 23) . The HSV-tk sequences are under no selective pressure during replication in human cells. The episomal nature of our oriP-based shuttle vectors ensures that endogenous repetitive sequences at points of integration do not affect mutagenesis. This allows direct comparative analyses of mutational variation due to the cellular genetic background or the sequence composition of the microsatellite. Shuttle vectors were introduced into LCL721 and LCL1261 lymphoblastoid cells, and the populations were cloned to ensure that the founder cells contained only wild-type vectors. Individual plasmid-bearing clones were expanded 24 to 35 cell generations. After extracting shuttle vector DNA, HSV-tk mutant frequencies were determined for each clone by genetic selection in E. coli. The mutation rate was estimated by calculating the HSV-tk mutation frequency per cell generation.
The median mutation rate of the control shuttle vector containing only the HSV-tk gene was 2.6 Â 10 À5 (four clones) after replication in LCL1261 cells. For comparison, the corresponding (Fig. 2) . These values are similar to our previous independent mutational analyses (23) . In hPMS2-deficient LCL1261 cells, we observed an 11-fold higher median mutation rate for the [TTCC/AAGG] 9 vector (1.4 Â 10 À4 ) and a 5-fold increase for the [TTTC/AAAG] 9 vector (1.7 Â 10
À4
; Fig. 2 ). The differences in mutation rates between cell lines are statistically significant (P = 0.0047 and P = 0.0095, respectively, WilcoxonMann-Whitney test).
The mutation rates obtained in the shuttle vector assay reflect all types of mutational events occurring in the HSV-tk gene, including base substitutions, frameshifts, and large deletions within the coding sequence, as well as mutations within the microsatellite alleles. To examine the effect of hPMS2 status on the specificity of mutations, we derived mutation spectra for both cell lines by sequencing multiple independent mutants from at least three clones bearing each tetranucleotide vector. We categorized mutations as occurring at the microsatellite or within the HSV-tk coding region (Table 1 ). For both cell lines, the majority of observed mutants arose within the microsatellite region. The microsatellitespecific mutation rate within the [TTCC/AAGG] 9 allele is increased 12-fold, and within the [TTTC/AAAG] 9 allele, it is increased 6-fold in hPMS2-deficient cells. As a point of comparison, the HSV-tk gene contains an endogenous [G/C] 7 mononucleotide microsatellite at positions 487 to 493 within the coding region, which is highly unstable in MMR-deficient E. coli (22) . We calculated the average mutation rate for this [G/C] 7 motif after replication in hPMS2-deficient LCL1261 cells to be 1.4 Â 10 À4 for both vectors, a value that is f50-fold higher than the average rate observed in LCL721 cells (3.0 Â 10 À7 ). 2 Because the LCL1261 cell line was cultured from a clinically affected individual, the cells may harbor genetic defects in addition to hPMS2, which could affect mutagenesis. To confirm that the mutational difference we observed is, in fact, due to the absence of hPMS2, we stably complemented LCL1261 cells with a lentiviral vector containing either a cDNA for hPMS2 or the vector alone. A previous study has shown that overexpression of hPMS2 results in hypermutability (28) . Therefore, our vector design did not include motifs, such as a Kozak sequence, to optimize translation but rather used the native sequence upstream of the start codon found in the hPMS2 cDNA. Protein expression was examined in multiple, clonally derived populations. The cDNA-complemented LCL1261 cells displayed detectable levels of hPMS2 protein, albeit at a relatively lower level than that observed in LCL721 cells. No hPMS2 protein was detectable in either the parental LCL1261 cells or the vector-complemented clones. The cDNA-complemented clonal population with the highest expression, along with a vector-only control clone, was electroporated with the [TTCC/AAGG] 9 -containing shuttle vector. Clonal populations were once again obtained for mutational rate and specificity analysis. Increased hPMS2 expression (97 kDa) was detected in complemented cell clones containing the [TTCC/ AAGG] 9 shuttle vector but not in vector-only complemented clones, relative to a TBP loading control (Fig. 3) . Levels of hMLH1 protein were unchanged upon lentiviral infection and were similar among cDNA-complemented and vector only-complemented clones ( Supplementary Fig. S3 ). In hPMS2-complemented cells, the median mutation rate of the [TTCC/AAGG] 9 -containing vector was 2.6 Â 10 À5 (three clones, range 1.3-4.6 Â 10 À5 ), 2-fold lower than that of control vector-complemented cells (5.3 Â 10 À5 , four clones, range 3.7-23 Â 10
À5
). DNA sequence analyses revealed that the microsatellite mutation rate was 2.4-fold lower and the HSV-tk coding region rate was 3.2-fold lower in the hPMS2-complemented cells, relative to the control ( Table 2 ). The mutation rates measured in the hPMS2-complemented cells were not as low as were those measured for the LCL721 cells (Table 2) ; however, this was expected because the relative level of hPMS2 protein was lower in the complemented cells (Fig. 3) . Unexpectedly, the mutation rates measured in the vectorcomplemented control cell line were f2-fold lower than the parental 1261 cells (Table 2) , which may be attributed to attenuation of the mutator phenotype caused by puromycin selection or by lot variation in cell culture media (29) . Overall, the mutational results are consistent with complementation of the LCL1261 mutator phenotype by hPMS2.
Biased repair of tetranucleotide microsatellites in the presence of hPMS2. In LCL1261 cells, we observed no statistical difference in the mutation rates between the two tetranucleotide vectors (P = 0.25; Fig. 2 significantly lower than for the [TTTC/AAAG] 9 vector (P = 0.011). This comparison suggests that hPMS2 repair is more efficient at the [TTCC/AAGG] 9 allele, relative to the [TTTC/AAAG] 9 allele. We compared the specificity of mutations arising within the microsatellites between the two cell lines. The microsatellite mutants arising in the hPMS2-deficient cells were highly biased toward the addition of one tetranucleotide unit for both alleles. For the [TTCC/AAGG] 9 allele, the observed proportion of expansion to deletion mutations was significantly different in LCL1261 cells compared with LCL721 cells (P < 0.0001, two-sided Fisher's exact test; Table 1 ). For the [TTTC/AAAG] 9 allele, 81% of mutations arising in LCL1261 cells were expansions compared with 57% in LCL721 cells, although this difference is not statistically significant. Whereas the number of mutants is small, a similar mutation bias was observed at the endogenous [G/C] 7 sequence: 90% of the mutants (n = 10) arising within the LCL1261 cells were +1 bp frameshifts compared with 60% (n = 5) in LCL721 cells. Whereas we did not observe any microsatellite changes greater than one unit in LCL1261 cells, changes greater than one unit were present in the LCL721 cell spectra, albeit at a lower frequency than singleunit changes (data not shown).
To compare absolute mutation rates between the two alleles, we compared the rate of expansions versus deletions at the microsatellite. In hPMS2-deficient cells, we observed a similar high rate of expansion mutations for both microsatellite alleles (Fig. 4A) . In hPMS2-proficient cells, we observed a 25-fold lower expansion rate for the [TTCC/AAGG] 9 repeat but only an 8-fold lower expansion rate for the [TTTC/AAGG] 9 repeat when compared with the hPMS2-deficient cells. The corresponding microsatellite deletion rates were similar between the two alleles, and a small difference was observed between the two cell types (Fig. 4B) . Overall, the mutational specificity data are consistent with strand and sequence-biased repair of tetranucleotide alleles by hPMS2.
Discussion
Tetranucleotide microsatellite repeats are almost as prevalent as dinucleotide repeats and are present throughout every chromosome of the human genome (14) . Mechanisms that govern tetranucleotide stability are poorly understood, although instability of this type of microsatellite has been seen in numerous cancers (15) (16) (17) . Markers containing [TTTC/AAAG] n and [TTCC/ AAGG] n repeats are predominantly affected within cancer cell lines displaying tetranucleotide instability (30) . In this study, we focus on the MMR repair pathway, specifically hPMS2, and show NOTE: LCL1261 cells were complemented with empty vector only or hPMS2 (Fig. 4) . Values for parental cells represent the median mutation rate of three clones (Table 1) . Abbreviation: nd, no HSV-tk mutation of this class was detected. A, the proportion of mutants that contained expansions at the microsatellite was multiplied by the median mutation frequency to obtain the expansion mutation rate. B, the proportion of mutants that contained deletions at the microsatellite was multiplied by the median mutation frequency to obtain the deletion mutation rate. (31) . We observed a 50-fold higher mutation rate at the [G/C] 7 mononucleotide within the HSV-tk gene after shuttle vector replication in hPMS2-deficient LCL1261 cells, relative to hPMS2-proficient LCL721 cells. The MYCL1 marker is a complex allele containing a [GAAA/ CTTT] n tetranucleotide repeat that can show instability in MSI-H tumors (9, 32) . Although tetranucleotide repeats have not been routinely used in MSI testing, we observed a 6-fold to 12-fold higher mutation rate at two tetranucleotide sequences in the hPMS2-deficient cell line. A caveat to the general use of tetranucleotide markers for MMR status testing is the elevated mutation rate of some, but not all, tetranucleotide alleles in nontumorigenic MMR-proficient cells. We have previously reported that the spontaneous mutation rate at a [TTTC/AAAG] 9 allele in MMR-proficient human cells is 30-fold higher than the HSV-tk gene mutation rate but the rate of the [TTCC/AAGG] 9 allele is only 5-fold higher (23) . Therefore, MSI at specific tetranucleotide alleles may represent the detection of spontaneous mutations in the population due to the intrinsic mutation rate of the microsatellite locus and genetic selection rather than intrinsic genome instability of the tumor. For example, the ability of the oncogenic EWS/FLI transcription factor to modulate gene expression was recently shown to depend upon the number of consecutive GGAA/TTCC tetranucleotide motifs within a promoter-encoded microsatellite (33) . We show here that such an allele, [TTCC/AAGG] 9 , has a relatively low spontaneous mutation rate in nontumorigenic cells but can be significantly destabilized by the loss of hPMS2 (Fig. 2) . Although further experimental studies are clearly required to validate the use of tetranucleotide alleles in testing, our data show that increasing detection sensitivity for rare germline mutations (e.g., hPMS2) or MSI-L tumors may be feasible through use of a specific panel of wellcharacterized microsatellite markers.
In mouse model systems, microsatellite mutagenesis varies both quantitatively and qualitatively in MMR-deficient cells, depending upon the specific MMR gene that is inactivated (34) (35) (36) . For example, the frequency of mutations arising within [CA/GT] n markers was shown to be similar in PMS2 À/À and MLH1 À/À mice, but the types of mutations differed significantly, as PMS2 null mice exhibited a higher proportion of expansion mutations within the microsatellites than did MLH1 null animals (34) . Similarly, at the SupFG1 mononucleotide microsatellite reporter, the proportion of +1 bp frameshifts is higher in PMS2 À/À , MSH3 À/À , and MSH6
À/À mice compared with MLH1-null and MSH2-null mice (36) . Our data show that a mononucleotide allele is highly mutable and biased toward +1-bp mutations in a nontumorigenic hPMS2-null human cell line. Furthermore, we show a protective role of hPMS2 within tetranucleotide microsatellites that is mostly confined to expansion avoidance. The observed mutational variation may be attributable to differences in the DNA substrate specificity of repair by various MMR subunits or reflect differences in residual MMR activity. For example, inactivation of MLH1 will result in loss of both MutLa and MutLg activities, whereas PMS2 loss will result only in loss of MutLa. Differential MMR removal of premutational intermediates located on the lagging strand of the DNA replication fork has been reported in Saccharomyces cerevisiae (37, 38) . However, the consistent bias toward expansion mutations observed here and in other studies suggests a different type of strand bias that may be specifically due to PMS2 deficiency. In support of this notion, novel alleles of scPMS1 (the S. cerevisiae homologue of hPMS2) that predominantly elevate +1 bp expansions with little or no effect on À1 bp deletions have been described (39) . In the slipped-strand mispairing model for microsatellite mutagenesis, premutational looped intermediates are formed by dissociation of the nascent DNA strand from the template strand during DNA synthesis, followed by incorrect reassociation. The Erdeniz and colleagues study suggests that scPMS1 interacts specifically with loops present on the nascent primer strand, regardless of leading or lagging strand orientation during DNA replication (39) . Our data indicate that hPMS2 is primarily involved in repair of nascent strand tetranucleotide loops, which are the premutational intermediate for expansion mutations. Our mutation rate data also indicate that hPMS2 is more protective toward [TTCC/AAGG] repeats than [TTTC/AAAG] repeats. The repair bias we observed in the presence of hPMS2 may result from sequence-specific recognition during initiation of repair. MutSh may recognize one allele better than the other, thus controlling the recruitment of hPMS2 to the mispair. In yeast, the correction efficiency by MutSh of expansions within a [G] 10 mononucleotide was higher than for a [C] 10 sequence, indicating that sequence composition does affect repair (40) . In E. coli, the efficiency of MutS repair varies greatly across dinucleotide repeats of different sequence composition (41) . Alternatively, the repair bias may be directly dependent on PMS2 activity. The endonuclease activity of PMS2 is required to initiate nick-directed excision of the mispair by the 5 ¶-3 ¶ exonuclease EXO1 (42) . PMS2 may be more successful at processing a [TTCC/AAGG] loop than a [TTTC/AAAG] loop, which may explain the different degree of repair. A subset of mutations occurring near the 5 ¶ nick in the lagging strand would be repaired even in the absence of an endonuclease activity (43) , further explaining the finding that the [TTTC/ AAGG] 9 allele is still being repaired, although at a lesser extent.
Finally, the differences between the [TTCC/AAGG] 9 and [TTTC/ AAAG] 9 alleles may reflect biased repair by other MutL complexes. A number of studies have observed that hMLH1 is required for stable expression of hPMS2, possibly due to stability conferred by heterodimerization (13) . As shown here and previously reported (13) , however, the converse is not true, and stable expression of the hMLH1 protein is observed in the absence of hPMS2. Perhaps, this is due to the fact that other MutL homologues can substitute for hPMS2 and form stable complexes with hMLH1. For example, the alternative MutLg complex may form to a greater extent in the hPMS2-deficent cell line. MLH3 also contains the conserved metal binding motif DQHA(X) 2 E(X) 4 E required for endonuclease activity in PMS2 (42) . In the absence of PMS2, MLH3 localizes to the nucleus and contributes to MMR (44) . MLH3 has been shown to interact with MutSh to repair a subset of insertion/deletion loops in S. cerevisiae and mouse cells (45) . Although repair activity of MLH3 was not observed for two to four base loops in vitro using human cell extracts (46, 47) , the MSI phenotype of mice is enhanced in MLH3 Further studies are needed to extend the findings reported here and to better define the specificity of hPMS2 repair.
